Current GalnPz/GaAs/Ge triple junction solar cells currently starting production at EMCORE have achieved average lot efficiencies of greater than 26%, with an EOUBOL of 92% for exposure to 1 MeV electrons at a fluence of 5 x I O l 4 e/cm2. Development of the next generation high efficiency multijunction solar cell will involve the development of new materials lattice matched to GaAs. One material of interest is 1.05 eV InGaAsN, to be used in a four junction GalnP2/GaAs/lnGaAsN/Ge device. Despite several years of effort, the development of the 1.05 eV InGaAsN material has been difficult. As an alternative, we have been looking at 1.25 eV InGaAsN for use in a GalnPzllnGaAsNIGe triple junction cell. We present results for our work with the 1.25 eV InGaAsN material.
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BACKGROUND
EMCORE has been able to successfully develop a 27.5 cm2 GalnPdGaAs/Ge triple junction cell with average lot (24 cells) efficiencies of greater than 26%, under AM0 illumination. Individual cells have been measured to 27%. Figure 1 shows a histogram for 100 cells, with an average for the cells of 25.7% under AMO, 136.7 mW/cm2 illumination. The triple junction is also optimized for end of life operation. For radiation exposure to 1 MeV electrons, the triple junction cell has an EOUBOL of 92% at a fluence of 5 x I O l 4 e/cm2, and greater than 87% at a fluence of 1 x I O l 5 e/cm2. Addition of a fourth junction, at 1.05 eV, to this triple junction boosts the AM0 theoretical efficiency of the device to 32-35%.
One material of interest has been 1.05 eV InGaAsN. However, development of the 1.05 eV InGaAsN material for photovoltaic applications has been difficult [I] . Low electron mobilities and short minority carrier lifetimes have resulted in short minority carrier diffusion lengths. Increasing the nitrogen incorporation decreases the minority carrier lifetime. In addition, while the diffused Ge Histogram of triple junction efficiencies subcell in the GalnPdGaAslGe triple junction device generates excess current compared to the GalnP2 and GaAs subcells (Figure 2 ), it would become the current limiting subcell in a four junction device. The quantum efficiency of the Ge has to be improved before it can be incorporated in a four junction device with 1.05 eV I n Ga As N.
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We have been looking at a more modest proposal, developing 1.25 eV InGaAsN for a triple junction GalnP~/lnGaAsN/Ge device. Less nitrogen and indium are required to lower the bandgap to 1.25 eV and maintain the lattice matching to GaAs. Hence, development and optimization of the 1.25 eV material for photovoltaic devices should be easier than that for the 1.05 eV material. The Ge subcell will generate sufficient current so that it will not current limit the device. The AM0 theoretical efficiency of this device is 30-32%. However, the material quality of the 1.25 eV InGaAsN must approach that of GaAs for the GalnP2/lnGaAsN/Ge triple junction to replace the GalnPz/GaAs/Ge triple junction. 
Figure 2. External and internal quantum efficiency and reflectance curves for a GalnPdGaAs/Ge triple junction cell.
EXPERIMENTAL
We have found that the best way to evaluate the InGaAsN material is to grow, process, and test devices. Figure 3 is a schematic of the structures that have been grown to evaluate the 1.25 eV InGaAsN material. Because EMCORE's current GalnPdGaAs dual and GalnPZ/GaAs/Ge triple junction cells have the n-on-p configuration with the resulting high EOUBOL we are looking at the n-on-p polarity for the InGaAsN junctions. The thicker GalnPa window indicates of how the InGaAsN would actually perform in a triple junction device. We have looked at 3 pm and thinner InGaAsN base thicknesses. The thinner InGaAsN bases are used because growth of InGaAsN requires a large amount of dimethylhydrazine (DMHy), and hence growth of thick layers is expensive.
We have also looked at tertiarybutylhydrazine (TBHy) as an alternative nitrogen precursor. TBHy provides some advantages over DMHy.
In particular, the nitrogen incorporation rate is much higher with TBHy, and so a much smaller amount of precursor (about an order of magnitude difference) is required to obtain the same concentration of nitrogen in the epitaxial layer. All of the film growth was done in an EMCORE D180 MOCVD reactor.
Trimethylgallium, triethylgallium, solution trimethylindium, diethylzinc, disilane, arsine, and phosphine are the other precursors used for the growth of the devices. Growth temperatures were between 520 "C and 600 "C for the InGaAsN layers. Cells 1 cm2 in area were processed using standard Ill-V device processing techniques. The final devices were measured under the AM0 spectrum with a dual source solar simulator.
RESULTS AND DISCUSSION
A summary of different growth conditions using DMHy is contained in Table 1 .
We have primarily looked at growth rate and post-growth annealing temperature. All of the devices were annealed in Nz. We have also used several different DMHy sources from different vendors, but have seen little effect on device results. Table 2 contains the device results for the growth conditions described in Table I . The devices do not have an anti-reflection coating (ARC). The currents, voltages, and fill factors are all lower than expected for a material with bandgap of 1.25 eV. To be current matched with a GalnP2 upper cell in a triple junction devicel the InGaAsN would need to generate about 19-20 mAlcm with a proper ARC. Reflection off of the front surface is about 30%, so addition of the ARC would only add 3-4 mA/cm2 to the currents shown in Table 2 .
Increasing the base thickness does not add significantly to the current. Figure 3 has the internal quantum efficiency (IQE) curves for several of the devices in Tables 1 and 2 . While being able to achieve a maximum in the IQE close to the band edge, there is significant roll off at longer wavelengths. Modeling of the IQE curves has given minority carrier diffusion lengths for the electron in the pbase of 0.4 pm. An increased base thickness (91yOOO1 B-03) did not increase the IQE at longer wavelengths, compared to a thinner base thickness . This is consistent with the short minority carrier diffusion length in the p-type base, rather than due to insufficient absorption in the thin base. The lower than expected voltages and currents in Table 2 , for a material of 1.25 eV bandgap, are consistent with the short minority carrier diffusion lengths.
The longer post-growth annealing time also improves device performance. This can be seen in comparing the device results for 91y01A-06 and 91yOIB-03, 91y06A-06 and 91y06B-06, and Oay18A-06, Oay18B-05, and Oayl8C-03, respectively. We are not certain as to the exact mechanism causing this. Because of the device performance improvement seen with the post-growth anneal, a current soak was done on several devices to see if any device improvement would also occur. Three devices were forward biased at 333 mNcm2 for 60 hours. The current soak is 30 times the Jsc of the device. Table 3 contains the before and after results. The device performance is virtually unchanged for all three devices. Current soaking the devices at the current densities that we used does not improve the device performance in the way that the post-growth anneal does.
Since SlMS analyses of the InGaAsN films grown with DMHy indicated a background carbon concentration of about 2 x I O l 7 cm-3 and a background oxygen concentration of about 3 x 10l6 ~m -~, the alternate nitrogen precursor TBHy was used for a number of growths. The decomposition of TBHy is such that there should be less carbon incorporated into the growing films. We have found that 560 "C is the optimum growth temperature minimizing both carbon and oxygen incorporation into 1.25 eV InGaAsN grown with TBHy. Figures 4, 5 , and 6 show SlMS analysis for growth temperatures of 560 "C, 526 "C, and 607 "C, respectively. In all three cases the nitrogen incorporation is about the same. We believe that there are two different incorporation mechanisms occuring that have to account for the minimum in carbon and nitrogen incorporation with temperature. We have also noticed a strong sensitivity of nitrogen incorporation to growth temperature. A one "C variation in the growth temperature can lead to a 5 nm change in the photoluminescence wavelength. In situ true temperature monitoring and control is necessary to ensure run to run repeatability. Table 4 is a comparison of devices grown using DMHy and TBHy, for a nominal bandgap of 1.25 eV. The devices were annealed at 650 "C for varying lengths of time. The variation in the Vo, and J , , in the devices grown with the two precursors is due to the variations in the Figure 7 . The difference in the bandgaps between the two devices is seen from the long wavelength cutoff. Otherwise, both of the devices show nearly identical IQE curves, and hence for identical structures, have the same short minority carrier diffusion length. Other than reducing the amount of precursor usage, we do not believe that TBHy has a great advantage over DMHy.
We have also done a comparison of 1.05 eV InGaAsN devices grown with TBHy with different annealing atmospheres. The purpose of the experiments was to compare device performance for N2 and NdH2 anneals at 650 OC for different lengths of time. Table 5 contains the device results. Unfortunately the devices with the shorter anneals in the forming gas were broken before any results could be obtained. However, for a N2 anneal, the longer time at the annealing temperature, the better the device performance. The anneal in forming gas also results in better device performance. The device perfomance also correlated well with PL intensity. In other words, the PL intensity of InGaAsN material annealed in forming gas for longer periods of time was higher than that for samples annealed in N2 for the same or shorter periods of time.
and TBHy. 
CONCLUSIONS
The short minority carrier diffusion length in 1.25 eV pInGaAsN precludes it from being a substitute for GaAs in an n-on-p triple junction device. At this point, other than materials utilization, TBHy offers no advantage over DMHy. Some of the fundamental issues with the growth of high quality InGaAsN must be solved first before the material can be used in a photovoltaic device.
